Advanced materials are nowadays used in various industrial and scientific contexts, due to their particular and sometimes unique properties. In many cases, those properties are closely linked to the composition of the materials. An integral part in the characterization of advanced materials is therefore to determine their precise elemental composition, as well as to detect possible contaminants. With this information, the production as well as the properties of the final products can be optimized. To obtain such information in a routinely way, ICP-OES or ICP-MS are versatile tools, since those techniques allow sensitive multi-element analysis in a variety of matrices (e.g., high-purity materials, semiconductors, electronic components, metals, alloys, ceramics, and polymers). However, if using ICP-based techniques in their regular configuration, conversion of the solid material into a liquid solution is necessary. For this purpose, procedures such as acid digestion, fusion or dry ashing have been reported. However, although being well established, the application of these approaches is related with some drawbacks. Besides the problem of jeopardizing information on spatial distribution of analytes, some further shortcomings are risk of sample contamination and/or analyte losses, as well as increased time demand for sample preparation (especially in case of materials with high chemical resistance). Analyzing the solid sample directly is therefore an attractive alternative to conventional liquid analysis. Solid-sampling techniques which are frequently applied in combination with ICP-OES or ICP-MS detection are electro-thermal-vaporization (ETV) and laser-ablation (LA). Besides offering the mentioned advantages in sample preparation, solid-sampling techniques often allow for improvements in sensitivity, since unnecessary sample dilution could be avoided. Furthermore, LA (with restrictions also ETV) offers the possibility of spatially resolved analysis and depth profile analysis, providing information about the distribution of major, minor and trace constituents within Cite this:
Introduction
Advanced materials have physical or chemical properties which set them apart from conventional materials. The term is oen used in context with state-of-the-art developments such as nanomaterials, composites, photovoltaic devices, or electronic components. However, any material which emerges from a technological optimization process can be considered advanced, with respect to its original state. The scope of this review is to summarize latest developments in the quantitative characterization of advanced materials with regard to their bulk, trace and ultra-trace composition. Four groups of materials will be discussed: metals and alloys, ceramics and glasses, carboncontaining materials (polymers, graphite), and composite materials (layered systems or electronic components).
Optimizing the properties of a material is oen related to determining its precise elemental composition and to monitor contaminants or dopants. In some cases, the average concentration in the material is a sufficient parameter (e.g., when performing quality-control of raw materials). In many cases, it is however necessary to perform laterally resolved analysis or to assess depth proles of the nal product. Nowadays, both tasks (bulk-and spatially resolved analysis) can be achieved using well-established techniques such as secondary ion mass spectrometry (SIMS), sputtered neutral mass spectrometry (SNMS), glow-discharge optical emission spectrometry (GD-OES), glow-discharge mass spectrometry (GD-MS), electron micro probe analysis (EMPA), X-ray photoelectron spectroscopy (XPS), auger electron spectroscopy (AES), transmission electron microscopy (TEM) or totalreection X-ray uorescence analysis (TXRF). 1 General applicability of these techniques is sometimes limited by insufficient sensitivities (i.e., for X-ray based techniques). For the mass spectrometric techniques, where sensitivities are usually higher, low sample throughput and high instrument costs are major disadvantages. Moreover, the need of appropriate matrix matched standards or certied reference materials for quantitative determinations limit the applicability of the abovementioned techniques. [2] [3] [4] Routine analysis of trace elements in advanced materials is therefore usually performed with atomic absorption spectrometry (AAS), inductively coupled plasma optical emission spectroscopy (ICP-OES) or inductively coupled plasma mass spectrometry (ICP-MS). Since AAS is basically a single-element method (although modern continuous source instruments can give access to more than one element simultaneously), the present review will focus exclusively on ICP-based techniques with their wide range of accessible elements and large dynamic range.
Since conventional application of ICP-OES and ICP-MS requires a liquid sample for analysis, solid materials have to be converted into liquids prior to measurement. For this purpose, several procedures have been reported. The decomposition of silicon carbide ceramics with concentrated HF, HNO 3 and H 2 SO 4 is an example for the successful application of a microwave assisted digestion procedure to an advanced material. 5 Alternatively, fusion or dry ashing of the sample in the presence of metal alkaline hydroxides, carbonates, or borates at elevated temperature is possible. 6 More detailed information about typically applied pretreatment procedures involving dry dissolution, wet decomposition, and microwave-based methods can be found elsewhere. 7, 8 As outlined above, the dissolution of advanced materials oen requires the use of highly corrosive/toxic reagents and/or harsh reaction conditions. The resulting solutions are oen not compatible with analytical instrumentation, requiring further sample dilution. By doing so, trace and ultra-trace constituents might not be determined, as detection limits deteriorate with each dilution step. In addition, excessive sample-handling can increase blank levels. Also, applied reagents such as alkaline hydroxides may contribute to matrix-effects and can introduce contaminations causing additional interferences in sample analysis.
Solid sampling techniques in combination with ICP-OES or ICP-MS have therefore been employed for the direct analysis of advanced materials, circumventing the problems associated with sample dissolution. Such sampling techniques include slurry nebulization (SN), 9, 10 electrothermal vaporization (ETV), 11, 12 and laser ablation (LA). 13, 14 Briey, SN 15, 16 and ETV 17, 18 are widely used for the direct analysis of powdered materials, and allow the use of aqueous calibration standards for signal quantication. In contrast to SN and ETV, LA provides also access to compact solid samples, even though quantitative analysis is much more challenging. But with this approach, information about the distribution of the analyte within the sample can be obtained (i.e., elemental mapping and depth prole analysis).
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This review will focus on recent developments in the analysis of advanced materials using ETV and LA in combination with ICP-based detection techniques. Slurry analysis is only discussed in combination with ETV or LA since Wang and Yang 23 have recently reviewed conventional SN applications for advanced ceramics. The review is mainly based on the literature published in the last ten years (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) , including novel and innovative concepts for sample analysis, such as dynamic etching procedures or LA of solids in liquid.
Technical considerations regarding selection of the detection system in ETV or LA analysis When aiming at the direct analysis of advanced materials using ETV or LA coupled to an ICP-based detection method, a number of basic aspects have to be considered. One of the most fundamental ones is the appropriate choice of the detection system. With the selection between ICP-MS and ICP-OES, each method's characteristics have to be outlined. Typical parameters which should be taken into account are sensitivity, selectivity (spectral interferences), acquisition speed and susceptibility to matrix effects. While reproducibility of analysis can be considered similar when comparing the two detection techniques, one of the most prominent advantages of ICP-MS over ICP-OES is its higher detection power. Thus, with the use of ICP-MS as detection system, applications become possible which could not or only partially examined with ICP-OES. In addition to the determination of impurities at the ultra-trace level ICP-MS also allows the analysis of samples with restricted sample amounts such as single crystals or thin lm coatings. Another benet of higher detection power are improvements in depth proling and laterally resolved analysis of advanced materials, since sensitivity of analysis determines the achievable resolution. However, although ICP-MS provides in most cases better detection limits, under certain circumstances ICP-OES offers comparable or even higher sensitivity. Sensitivity of ICP-MS analysis is also affected by the presence of spectral interferences. Modern instrumentation offer measurements with increased mass resolution or the application of collision/ reaction cells to overcome most isobaric and/or polyatomic interferences. However, improvements achieved in selectivity are always accompanied by a decrease in the detection power. In contrast to ICP-MS, where exibility of analysis is limited by the number of existing nuclides per element, detection with ICP-OES provides a multitude of emission lines for each element. Thus, probably existing spectral interferences are less problematic, since usually analyte wavelengths can be selected in accordance with the needs in selectivity and/or sensitivity of the investigated research task. One example which demonstrates the sometimes prevailing limitations of ICP-MS in the direct analysis of advanced materials is the determination of calcium traces in strontium titanate (SrTiO 3 ) -a commonly used solid state electrolyte. In ICP-MS analysis, all calcium nuclides are interfered by doubly charged strontium ions or argon ions, hampering accurate determination. With the use of ICP-OES, analysis of Ca in SrTiO 3 could be conducted without any restrictions. A general advantage of ICP-OES compared to ICP-MS is the larger tolerance towards matrix load of the inductively coupled plasma. While this aspect is rather of importance in ETV analysis where the plasma load is considerably high, this might also be an issue in LA analysis, especially when the ablation rates are high. High matrix-load can inuence the measurement in two ways: sudden introduction of a large sample amount into the plasma can lead to incomplete analyte ionization and/or excitation, which will inuence accuracy of both ICP-OES and ICP-MS analysis. During ICP-MS measurements, especially long analysis times can lead to a problematic amount of material deposited on the vacuum interface, altering the physical condition of the cones, causing instrumental dris during measurement time. While material deposition is unproblematic in radial mode ICP-OES, a similar phenomenon can occur at the optical interface of axial mode ICP-OES measurements.
Thus, in most cases the apparent difference in data acquisition speed becomes the dominant selection criteria. Since the quality of ETV or LA measurements with ICP detection is strongly inuenced by the acquisition speed, the complications related with this parameter will be described in more detail in the next chapter.
Measurement and processing of short transient signals
Although the working principles of ETV and LA are completely different, these two approaches have in common that the investigated solid sample is converted into a dry aerosol and subsequently transferred with a carrier gas into the ICP instrument. 17, 19, 20, 24 A brief description of these techniques is presented in the respective chapters, together with a discussion of the main challenges (aerosol formation, transport and atomization/excitation/ionization in the plasma). This section is focused only on the problems related to time-resolved multielement analysis of the aerosol introduced into the plasma.
When analyzing liquid samples, which is by far the most frequently applied measurement technique, an aerosol is produced from the liquid sample, and introduced at a constant rate into the plasma of the detecting ICP-OES or ICP-MS instrument. There, the introduced sample material is atomized, excited and ionized, resulting in analyte signals with more or less constant intensity. Such so-called steady-state signals are a precondition for measurements with long integration intervals, permitting the use of simultaneously as well as sequentially working ICP-spectrometers. Due to the steady-state nature of the signals, the analysis of several replicates from the same sample is possible. Moreover, signal stability can be improved and uctuations of the background can be reduced, which signicantly contributes to low detection limits. In case of ICP-OES for signal acquisition, typical integration intervals of several seconds are used, resulting in total analysis times in the low minute range, depending on the demanded sensitivity and the number of measured replicates. 25 In ICP-MS, the dwell times applied for the investigated mass-to-charge ratios (m/z) are generally in the order of below 10 ms to some 100 ms. Considering settling times and the number of sweeps/replicates required per analyte, measurement times ranging from some seconds to tens of seconds are necessary for sample analysis.
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To summarize, conventional liquid sample introduction with a nebulizer results in constant plasma-load and therefore stable plasma conditions. As the observed signals show only minor variations, characteristic wavelengths or mass-to-charge ratios of the target elements can be measured sequentially. Furthermore, measurements with long integration/dwell times are possible, leading to improved reproducibility and sensitivity of analysis.
In contrast to conventional analysis of liquid samples with ICP-OES or ICP-MS, the use of ETV or LA for sample introduction requires a different measurement strategy. Since ETV offers no constant sample introduction rate, the amount of sample introduced into the plasma varies with time, resulting in transient signals with durations of typically 1-3 s for the investigated elements. 18, 24 Transient signals with changing intensities are also generated when using LA for spatially resolved investigations (elemental mapping) and/or depth prole analysis. Independent of the applied ablation technique -single shot analysis or continuous ablation -measurement intervals of some hundred ms or below are necessary to monitor rapid signal changes, and to allow for sufficient lateral resolution or depth resolution, respectively. 20, 21 To accomplish such short measurement intervals, simultaneous detection of the analytes of interest, fast data acquisition, readout and storage are desired. Furthermore, sudden changes in the plasma load have to be considered, which may result in uctuating temperature and electron number density in the ICP. Thus, the robust and stable plasma conditions prevailing during conventional liquid analysis do not exist when the amount and composition of the sample material introduced into the plasma changes rapidly. Although the effect of changing plasma conditions can be reduced with the use of an appropriate internal standard, analyte detection and data treatment require methodical but also instrumental improvements to overcome existing limitations.
Measurement of short transient signals using ICP-OES
In the past, different types of ICP-OES spectrometers have been established for the analysis of liquid samples. 27 Based on the way of light dispersion and detection, so-called sequential systems and simultaneous systems can be differentiated. Sequential spectrometers consist of a monochromator/detector unit arranged in the Czerny-Turner geometry -as prevailing in most atomic-absorption-spectrometers -and measure the characteristic wavelengths of the investigated elements successively. Thus, multi-element analysis of short transient signals is not possible with this type of instrument. Simultaneous spectrometers allow measurement of several lines or even the whole emission spectrum at the same time. This goal can be accomplished by either using polychromators in the PaschenRunge optical mounting or echelle-based dispersive systems. Although in the past commercial Paschen-Runge systems were equipped with photomultiplier tubes (PMT) positioned on the Rowland-circle, nowadays for both systems only charge transfer device detectors are used (i.e., charge coupled device (CCD) and charge injected device (CID)). The main advantage of CCD or CID detectors over PMT is that they provide the possibility to analyze signal intensities of analytes and background simultaneously. Furthermore, more exibility in analytical line selection, compensation of matrix effects (internal standardization) and correction of spectral interferences is offered. However, besides simultaneous detection of emission spectra some additional prerequisites must be fullled for measurement of transient signals. For example, the speed of data acquisition is important, since the usually applied integration intervals of several seconds exceed the duration of short transient signals.
With modern instrumentation, integration intervals of 0.1 s are possible, thus the course of a typical ETV signal can be described with 10 to 20 data points. However, such a high sampling rate results in poor signal stability and poor signal to noise ratio. Thus, in most works, integration intervals in the order of 0.3 to 0.5 s were used as a compromise between high time resolution and sufficient precision of analysis. As a consequence of the low data handling speed it is not possible to measure the full wavelength spectrum when using such short integration intervals. Rather, exact positions of the emission lines of interest and settings for background corrections have to be dened prior to measurement, which is a difficult task since background can change substantially during ETV measurement. Obtaining valid analytical results demands therefore measurement of two or more emission lines for each analyte of interest. At this point it has to be mentioned that increased analyte concentrations and/or too long integration times may cause saturation of the CCD detectors. Selection of multiple appropriate wavelengths is therefore important. Particularly for the analysis of unknown samples, the selection of lines with different sensitivities (covering a wide concentration range) is recommended to ensure useful results. A general protocol for multi-element analysis of short transient signals using an ICP-OES instrument equipped with a CCD detector system (Spectro Arcos) has been described by Chaves et al.
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Evaluation and further processing of derived data is another challenging task. Currently available soware is designated for measurement of steady state signals; only some instrument manufacturers provide soware capable of recording transient signals. In contrast to the conventional measurement mode, this acquisition mode for transient signals provides only information about predened parts of the emitted spectrum. Possibilities for background and/or interference correction are therefore limited. Furthermore, soware features intended for data processing are rather simplistic, thus in most cases derived data has to be exported for further treatment with appropriate soware (e.g., chromatography packages). In contrast to ICP-OES soware, recent ICP-MS soware oen contains the required features to evaluate transient signals, probably because coupling of separation techniques such as gas chromatography, liquid chromatography or electrophoresis with ICP-MS has become very popular in recent years. Ongoing improvements in ICP-OES should therefore focus on data processing to take full advantage of the information provided, as has been recently demonstrated by Spectro Ametek with the release of a special soware package for their Arcos-System, which allows measurement of transient signals with fully automated data treatment. Furthermore, advances in data acquisition are required -fast monitoring of the full spectral range with sufficient resolution should be enabled. Data transfer rates must be increased to allow faster processing.
Measurement of short transient signals using ICP-MS
As for ICP-OES measurements, the simultaneous measurement of all target analytes is a prerequisite for accurate multi-element analysis of typical ETV or LA signals with ICP-MS. 29 From the four types of mass spectrometers currently commercially available in combination with an ICP as ion source, quadrupole (QMS), time of ight (TOFMS), scanning sector eld (SFMS) and Mattauch-Herzog sector eld mass spectrometer, only the last one provides the possibility to measure the entire mass spectrum simultaneously. However, for this new kind of ICP-MS published literature is sparse, especially information about the measurement of transient signals is missing. Therefore, further discussion will focus on the three more common types (QMS, SFMS and TOFMS).
With QMS and SFMS systems, only a single nuclide can be monitored at a given time, thus for multi-element analysis selected m/z ratios have to be measured one aer another. The time spent for analysis of a certain m/z is called "dwell time", whereas the "settling time" describes the amount of time required for the electronics to stabilize before the next m/z measurement could be performed. Due to the short duration of the signals produced by ETV and LA, sequential scanning of the entire range of m/z values and thus measurement of full mass spectra is not possible with QMS and SFMS instrumentation. As a consequence, the so-called "peak jumping mode" (sometimes also referred to as peak hopping mode) is normally applied, using short dwell times (typical values are 10-20 ms) for a limited set of m/z ratios. Since quality of analysis (precision, accuracy) depends on the time required to complete one cycle of measurements for all selected m/z ratios (in literature denoted as cycle time or scan speed), in most investigations the number of monitored isotopes has been restricted. In ETV applications typically a maximum number of [10] [11] [12] 31 In contrast to these methodical improvements, higher data acquisition rates require certain instrumental developments. Recent advances in quadrupole technology and data processing techniques provided a distinct reduction of instrument dwell times from ms down to tens of ms, enabling the use of ICP-QMS for characterization, sizing, and quantication of metal-based nanoparticles. 32 The transient signals generated by the analysis of such single nanoparticles are less than about 0.5 ms in length, thus their detection requires the use of instruments capable of very fast data acquisition at greater frequencies of 10 4 -10 5 Hz.
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However, a precondition for single-particle investigations with ICP-QMS is the selection of only one isotope for analysis. Thus, measurement of composites (e.g. core-shell particles) or unknown samples is not feasible with this approach. Multielement investigations still require sequential monitoring of the selected isotopes, necessitating nite settling times between the different m/z ratios, resulting in decreased data acquisition rates and data acquisition lags between m/z changes. Nevertheless, achieved instrumental improvements (shorter dwell times, faster data acquisition and processing) are considered to be advantageous for analysis of transient signals generated by ETV or LA.
A more promising approach for multi-element analysis of fast transient signals is the use of ICP-TOFMS instrumentation. In contrast to QMS and SFMS which need hundreds of ms for full mass spectra acquisition, TOFMS generates complete mass spectra in distinctly shorter time. Basically in TOFMS nuclides with different m/z values are also sequentially measured. However, as un-separated ion packages are collected and subsequently injected into the mass analyzer with very high scan speed, typically several thousand scans are performed per second. TOFMS has to be considered as a quasi-simultaneous measurement technique. The rst commercial ICP-TOFMS instruments enabled complete mass spectra acquisition with time resolutions in the order of 10 ms only. 34, 35 Averaging of spectra and restrictions in data readout prevented shorter intervals. Nevertheless transient signals with durations of few hundred milliseconds were measured without limitations in multi-element detection. In the meanwhile, distinct improvements in data acquisition and handling were achieved, resulting in full mass spectra measurements within 30 ms only. 36, 37 So far these instruments have been successfully applied for the analysis of metal-labeled biomarkers in single cells, 38 as well as for the simultaneous investigation of nanoparticles with different composition. 39 Although scanning properties and data handling are superior when compared to conventional QMS and SFMS instrumentation, higher background, lower sensitivity, and a narrower dynamic range might prohibit some applications. Nevertheless, for tasks where sensitivity does not matter, distinct improvements in the recording of transient signals can be achieved with TOF instruments. For example, preliminary denition of the nuclides to be measured and thus knowledge about sample composition is not necessary, since ICP-TOFMS provides access to full mass spectra. This allows simpler identication of unknown sample constituents.
Methods using electro thermal vaporization coupled to ICP devices
This chapter will describe instrumental and operational details of ETV, as well as give an overview of recent developments in unconventional ETV approaches such as thermal resolution and thermal speciation. Quantitation in the context of ETV will be addressed, with focus on recent developments such as nonquantitative ngerprinting for forensic purposes.
General principle and possibilities for sample introduction
In ETV, a dened amount of sample is brought into a graphite boat, which is then introduced into the graphite furnace, where it is subjected to a temperature program for pyrolysis of the sample matrix, followed by the release of the analyte into the gas phase. Those vapors are then directed to the ICP torch using argon as transport gas. To the best of the author's knowledge, today there is only one commercial provider of ETV systems (ETV 4000 from Spectral Systems), but discontinued systems of the HGA series which was formerly produced by Perkin Elmer are still functional in many labs. Also custom-built models exist, as for example tungsten or rhenium wire vaporization systems, or systems using halogen lamps, or modied graphite furnaces from atomic absorption systems (see Tables 1 and 2 ). Although commercial systems might be more practical in terms of handling, robustness, and technical support, custom-built devices allow tackling of non-routine applications. For example, replacing the graphite furnace by a tungsten-coil set-up avoids carbon-based spectral interferences in ICP-MS (e.g., 40 Ar 12 C + on 52 Cr + ). [40] [41] [42] Besides being carbon-free, metal furnaces can also allow for higher heating rates than graphite systems, which gives rise to sharper transient signals and better S/N ratios. Kataoka et al. 43 have intensied this feature by heating a tungsten platform to 2300 C and holding a steel sample with a magnetized steel needle just above the hot platform. As soon as the steel sample is heated above its Curie temperature, the magnet no longer holds the sample, and it drops onto the hot platform, providing instantaneous vaporization of the analytes and very sharp transient signals. Although the authors discuss the improved sensitivity arising from such sharp signals, the rapid changes in ICP-load might be a drawback in terms of nonspectral interferences. Moreover, as discussed in the previous chapter, data acquisition of extremely short transient signals is a challenge, if more than one element is analyzed with sequential analyzers (QMS or SFMS). Just to avoid such swi signal development, and to obtain best results for tungsten isotope ratios, Okabayashi et al. 44 have deliberately used a slow heating ramp when using a rhenium wire ETV. As discussed in more detail in the section about transient signal processing, careful tradeoff between sensitivity and signal stability (repeatability) must be considered for every combination of analyte, matrix and detector.
Introducing the solid sample into the ETV oven can be achieved in two ways: either by weighing the dry material into the boats, or by rst producing a suspension of the solid material in a suitable solvent, then pipetting a sub-sample of the suspension into the boat, and evaporating the liquid fraction. The rst approach is referred to as solid sampling ETV, whereas the second one is referred to as slurry sampling ETV. We will discuss the advantages and disadvantages of both approaches separately, and in the context of the analysis of functional materials.
Solid sampling ETV is a very straight-forward approach, since there are no strict limitations in terms of powder characteristics. Even the analysis of compact pieces of the sample can be carried out, as has been demonstrated by the analysis of paint chips 45 from automotive cars for forensic applications. This allows to work with samples where only a very small amount is available, and grinding the material into a homogeneous powder is no option. Also metals are difficult to pulverize, which might be the reason why practically all ETV-ICP methods for the analysis of metal matrices use the solid sampling approach (see Tables 1 and 2 ). However, introducing dry powder into small graphite boats is a tedious process and requires experience. One way to better distribute a ne, dry powder across the bottom of the graphite boat, was shown by Hassler et al. 46 Aer weighing the dry material in the boat, the authors added a drop of ethanol onto the powder. This helped to distribute the powder inside the graphite boat more homogeneously, and resulted in more uniform vaporization of the sample. To reduce manual weighing (and the errors related to it), automated powder dispensing and weighing systems can help during sample introduction (e.g., as offered by Spectral Systems for the ETV 4000). In solid sampling ETV, the sample mass introduced into one boat is typically in the range of a few milligrams (see Table 1 ) and is oen dictated by the readability of the analytical balances used. Using this solid sampling approach, it is also possible to use distinctly larger sample masses (e.g., signicantly above a few milligrams).
11,47 Although larger sample intakes allow to improve sensitivity, the presence of elevated levels of bulk material might lead to increased matrix effects.
Slurry sampling avoids problems potentially related to introducing small amounts of dry powder into graphite boats (readability of balance, static electric charging of dry powders). Furthermore, sample homogeneity is less important since usually higher sample intakes are used for slurry preparation, thereby improving representativeness of analysis. To obtain a slurry, the powdered solid is suspended in a liquid and homogenized. Concentrations of slurries are typically in the order of 1% (m/v) powder in the liquid, but for special applications even higher sample contents were reported. 15, 16 To obtain slurries which are stable over longer time, and to avoid occulation or particle sedimentation, the addition of stabilizing agents such as surfactants, wetting agents or dispersants is oen performed (see Table 2 ). Frequently applied stabilizing agents include diluted inorganic acids, different salts, glycerol and Triton X-100. A general overview of the stabilizing mechanisms (electrostatic, steric, and electrosteric) and the role of the different stabilizing additives has been investigated in detail with the use of Al 2 O 3 as a model for ceramic samples. 48 In slurry sampling ETV, the characteristics of the powders and the stability of the derived slurry are not as critical parameters as they are in slurry nebulization ICP techniques. The latter techniques require very nely dispersed suspensions to avoid clogging of nebulizers or sedimentation over time in the autosampler. Moreover, when introducing a slurry by means of a nebulizer into the ICP, size-distribution of the powder is critical, since very large particles might not be vaporized entirely in the ICP, leading to biased results. In slurry sampling ETV again, pre-vaporization of the sample is carried out in the furnace, and only a dry aerosol reaches the ICP. The ETV-generated aerosol consists of very ne particles which are produced during the re-condensation process in the cool transport line. Such aerosols are then easily vaporized and atomized or ionized in the ICP. Problems related to incomplete excitation of coarse particles in the ICP (as observed in slurry nebulization) are therefore avoided. Hence, in most of the recent papers discussing slurry sampling ETV, no additional grinding of the powder was carried out, and the samples were mostly used "as received" (see Table 2 ). Usually, aer preparing the slurry suspension gravimetrically, the dispensing of the sub-aliquots is done volumetrically, thus allowing for much lower sample intake than in case of solid sampling ETV. This also allows measurement of several replicates from just one slurry, thus improving statistics. Table 1 Application examples of solid-sampling ETV in combination with ICP-instruments Typical sample intakes for slurry ETV are signicantly below 1 mg (see Table 2 ).
Signal quantitation, repeatability and detection limits
Although quantitative measurements are desired in most cases, it has to be considered that quantication is not always necessary. Asfaw et al. 45 have successfully discriminated between different types of red automotive paint chips, only by normalizing the signals to the sample intake and to one argon emission line. The temporal changes in the argon emission lines reect the conditions in the ICP. Normalizing the intensities observed for target analytes to the argon signal allows therefore to account for temporal changes in plasma load. By covering variations in sample mass and plasma load, the authors were able to nd signicant differences in the elemental patterns of different car paints, and to distinguish between them using principal component analysis. Such a non-quantitative approach is very promising also for other applications which aim at source attribution (e.g., batch identication of raw materials, mineralogical ngerprinting via trace elements). The advantage of using such statistical approaches is that all type of variation can be used to achieve a discrimination between sample groups. This includes sample-dependent matrix effects, which therefore do not necessarily have to constitute an analytical "problem", as in case of fully quantitative analysis.
Regarding quantitation, there are two main approaches: (a) solid calibration and (b) liquid calibration. The rst approach requires a material with identical (similar) matrix composition as the sample. The concentration of analyte in this material has to be known from an alternative analysis, or in case of a certied reference material from the certicate. Coverage of the expected analyte concentration range is another prerequisite for the calibration material. If such a reference material exists, results are very reliable, as matrix-effects are comparable for sample and standards. Unfortunately, such cases are rare due to the limited availability of appropriate reference materials. In order to adapt the working range, the following approaches are possible: (a1) vary the mass of reference material analyzed, in respect to the sample mass, or (a2) mix the reference material with other materials in order to obtain the desired analyte concentrations, or (a3) use a combination of varying sample intake and different reference materials. The rst approach ignores matrix-effects which might increase with sample mass, the second assumes a perfect mixture of the reference standards, and the third assumes that matrix effects are constant between slightly different materials. All three are however very suitable approaches and are widely used -both in solid sampling ETV as well as in slurry sampling ETV (see Tables 1  and 2) .
Alternatively, liquid standards can be brought into the graphite boats and dried. The dry residue can then be used for calibration. This approach can be done either by (b1) just adding an aqueous standard into an empty boat, or by (b2) adding the liquid standard onto dry sample material placed into the boat previously, or by (b3) adding the standard into the slurry before pipetting it into the graphite boat. Depending on the sample matrix, aqueous standards and spiked reference materials can give identical calibration curves 49 for all analytes of interest, or just for a few.
11 Even for one same matrix, varying behavior of different analytes is possible.
50 Also slight variations in matrix (i.e., different types of polymers) can require the one or the other calibration approach. 51 This highly depends on the sample matrix and the analytes, and it is therefore oen useful to check whether purely aqueous standards can be used, since this type of calibration is the most straight-forward one.
Apart from conventional calibration with liquid standards (external aqueous, external matrix-matched, standard addition), isotope dilution ICP-MS can also be applied in combination with ETV.
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However, this technique requires equilibration of isotopes prior to measurement, in order to guarantee identical behavior for the native isotopes and the spiked ones. Mixing liquid standards with solid samples might not be the ideal way of isotope equilibration. However, isotope dilution with ETV can have its merits, given the appropriate analytical question.
Sensitivity and reproducibility of ETV measurements are inuenced to a large extent by the analyte-loading, i.e., the amount of sample introduced in the graphite boat. As mentioned previously, solid sampling ETV is typically performed with sample intakes in the range of several mg of dry sample. Contrarily, slurry sampling ETV allows dispensing much smaller sample masses. Commonly applied sample intakes in slurry sampling ETV are in the range of 0.006-0.2 mg (see Table 2 ). On the one hand, small sample intake can be advantageous in case of high analyte concentrations which might lead to detector saturation. On the other hand, Matschat et al. 54 and Barth et al. 55 have shown for ceramic functional materials that the repeatability improves with higher analyte concentrations. Therefore, adding the appropriate amount of sample into the ETV unit either by choosing solid sampling ETV (for higher intakes) or by choosing slurry sampling (for lower intakes) can be a way to bring a sample into the optimal working range of the applied detector, to optimize repeatability as well as sensitivity. Typical reproducibility of solid sampling ETV (oen expressed as relative standard deviation of repeated measurement of one sample) ranges between 2% and 25% (see Tables 1  and 2 ). There is no apparent difference between solid sampling ETV and slurry sampling ETV with regard to reproducibility. However, when compared to data obtained for sample digests analyzed using conventional liquid ICP-OES/MS reproducibility of ETV measurements is declined. This outcome can be explained with differences in the measurement principle, but it also reects the inuence of sample homogeneity, which is more important in case of ETV procedures than for digestion approaches with usually distinctly higher sample intakes. Nevertheless, limitations in reproducibility are compensated by the obvious advantages of solid-sampling, such as straightforward sample preparation, the absence of chemicals required for digestion, as well as a high sensitivity.
Detection limits are oen expressed as instrumental detection limits, e.g., as absolute analyte masses that still can be detected. In the context of the analysis of advanced materials, it is however more interesting to compare detection limits which Table 2 Application examples of slurry-sampling ETV in combination with ICP-instruments also consider the sample intake used. A very pronounced example which shows the difference between those two approaches of stating detection limits is the LOD reported for chlorine in different functional materials: Antes et al. 56 and Gois et al. 50 report detection limits for chlorine of 1000 and 2000 ng g À1 in petroleum coke and coal, respectively. Those values were obtained with ETV quadrupole ICP-MS. Nakata et al.
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report a detection limit of 200 ng g À1 for chlorine in various nanoparticle powders, obtained by ETV-ICP-OES. Since ICP-MS is generally considered as the more sensitive technique, one might at rst expect better detection limits than for ETV-ICP-OES. But when considering the sample intake actually used (around 0.5 mg in the two ICP-MS cases, and 60 mg in the ICP-OES case), the obtained LODs are put back into the expected proportion. Generally, ICP-MS is the more sensitive method, compared to ICP-OES, also in combination with ETV. Especially for heavy elements, sensitivity is signicantly better for ICP-MS than for ICP-OES, oen for two to three orders of magnitude (see Table  1 , Cd, Pb, Sb). This also holds true for elements which are difficult to analyze by means of ICP-OES, such as As. For elements in the medium mass range, ICP-MS is still better in terms of LOD, but with a difference of typically only one to two orders of magnitude (see Table 1 , Fe, Cu, Zn, Mn, Cr). In specic cases, both methods can even be comparable in terms of LOD, for example when comparing the LOD of Cr in boron nitride (20 ng g À1 , ICP-OES axial), 55 in coal (10 ng g À1 , ICP-OES axial), 57 and in uorinated polymers (20 ng g À1 , quadrupole ICP-MS).
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All mentioned comparisons of LODs are obtained from comparable sample intakes in the range 1 to 5 mg. ICP-OES can therefore perform quite similar to ICP-MS in terms of detection limits. This, and the fact that ICP-OES is an inherently more rugged technique might perhaps explain the fact that in the reviewed ten years there were about twice as many publications on solid sampling ETV using OES than using MS (see Table 1 ). However, in case of slurry sampling ETV, which typically works with 10 to 100 times lower sample intake, the superior sensitivity of ICP-MS is necessary. Consequently, most slurry-sampling ETV publications from the last ten years were done by means of ICP-MS (see Table 2 ).
Application examples
In the following paragraph, reports on methods developed for solid sampling and slurry sampling ETV in combination with ICP-techniques published in the last decade will be summarized. From the four groups of materials, three are covered by solid sampling ETV: metals and alloys, ceramics and glass, as well as carbon-based materials. In case of slurry sampling ETV coupled to ICP, only ceramics and glass, as well as carbon-based materials were investigated. As mentioned above, this might be related to the fact that it is not straight-forward to produce homogeneous powders from metal samples. Composite materials (the fourth group of samples discussed in this article) were not analyzed with ETV systems. This is perhaps due to the fact that such materials usually require analysis techniques with lateral resolution.
The analysis of coal and related products has been mostly studied using direct ETV approaches -out of 8 publications in the period 2005 to 2016 only one used slurry-sampling. Interestingly, ve of the most recent publications in this eld study rather unconventional analytes. For example, the quantication of halogens (chlorine, bromine) in coal was studied, 50,56 as well as total oxygen content 58 (a parameter conventionally not accessible via ICP techniques), and sulphur. 12, 59 In case of metallic samples, not only trace impurities were analyzed, 11, 60 but also chlorine, 47 as well as the isotopic composition of the matrix metal tungsten. 44 Synthetic organic materials such as polymers and pharmaceutical components were analyzed for the presence of trace elements 42,51,61 as well as for bromine.
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All of the mentioned sample types have in common that they are difficult to dissolve, hence the choice of ETV. In most of the cases of slurry sampling ETV, the powders were analyzed as received. This avoids possible contamination, and as mentioned above, powder characteristics are not very stringent in case of ETV, since the sample is vaporized in two stages (rst, in the ETV, and then once more in the ICP). The suspending medium varies from pure water to complex mixtures and has to be optimized on a case-to-case basis. Reported detection limits, expressed as concentration in the solid sample (see Table 1 ), obtained from ETV slurry measurements are typically comparable with those obtained from conventional liquid analysis using the same ICP detector. Xiang et al. 63 performed a study comparing slurry nebulization and slurry-sampling ETV in which they found that in the case of titanium dioxide powder samples, the relative sensitivities of both methods are comparable. However, the absolute sensitivity was better for slurrysampling ETV. This is due to two factors: rstly, as opposed to wet-chemical digestion, only a minor dilution of the solid sample occurs. As mentioned in a review by Wang and Yang, 23 in some cases suspensions of up to 30% (w/v) can be analysed via ETV slurry analysis, whereas chemical digestion typically yields solutions of less than 1% (w/v). Secondly, the sample introduction efficiency is around 10 to 20% with ETV, as investigated by Peschel et al. in a study using alumina and radioactive tracers. 64 Slightly increased values ranging from 26 to 50% were reported by Ertas and Holcombe, 65 indicating that further improvements are possible with the use of Pd or NaCl as carrier. Compared to those values, nebulizers have by far a worse sample introduction efficiency (typically around 1-5%). Although better sample introduction efficiency is advantageous in terms of sensitivity, it comes at the cost of a high matrix-load. However, it is possible to adjust the temperature program of the graphite furnace in such a way, that matrix and analyte are introduced at different times to the ICP, thus alleviating the problem of high plasma load.
66 This is true for both solidsampling ETV and slurry-sampling ETV.
Temporal separation of sample constituents with different volatility
In contrast to traditional liquid ICP-OES or ICP-MS analysis, but also other solid-sampling techniques such as laser ablation ICP or slurry nebulization ICP, sample introduction via ETV offers the possibility to separate analyte and matrix prior to measurement. Whereas in the former approaches all sample constituents are introduced into the plasma at the same time, ETV allows a separation of volatile from less volatile sample constituents. This unique property of ETV can be used to overcome spectral interferences in ICP-OES or ICP-MS analysis, but also to differentiate between elemental species with different vaporization behavior (elemental speciation).
In many cases, the vaporization behavior of the sample matrix and of the analyte is different. Thus, with the selection of a proper temperature program the release of analyte and matrix can be separated in time. If the matrix is more volatile than the analyte, this allows purging the vapors generated by the matrix directly into the exhaust. 42 In this case only the analyte vapors are brought to the ICP. Discarding the pyrolysis products of the matrix is advantageous in case of end-on ICP systems (i.e., ICP-MS or axial view ICP-OES), since contamination of cones or windows is held at bay. However, the ETV system must be equipped with suitable switches to re-direct the gas stream, and the only commercial system available today (ETV 4000, Spectral Systems) does not offer this feature. Yet, the following examples will show that even without a bypassing option, thermal resolution is an interesting feature.
Separating analyte and matrix in time is a powerful feature of ETV, also in cases where the analyte is released earlier than the matrix. Hassler and coworkers 11 have recently developed a method to selectively release trace element impurities from molten copper droplets in the presence of gaseous uorination or hydrogenation modiers. While the copper mostly remains in the graphite furnace, the analytes are quantitatively transported to the ICP-OES detector. The advantage of such partial vaporization is that copper-deposition in the transfer line between ETV and ICP is reduced, and that non-spectral matrixeffects due to copper in the ICP are minimized. Aramendía investigated liquid-phase sintered silicon carbide. This material contains aluminum in the binder-phase, as well as aluminum which is incorporated into the SiC grains during the sintering process. As the properties of the material depend on the amount of aluminum inside the SiC grains, an ETV method was developed to distinguish between aluminum in the binder phase and aluminum in the SiC grain boundary. By applying a slow heating ramp in the ETV system, the authors demonstrated that it is possible to distinguish between those two aluminum-containing phases and to obtain quantitative information about the phases, apart from the mere total aluminum content of the sample which is obtained aer digesting the sample. Bauer et al. 12 showed that different sulphur species present in coal can be effectively distinguished from one another, since they exhibit different volatility. This can help in choosing appropriate coal treatment strategies to reduce the concentration of sulphur in the coal prior to combustion (the sulphur-reduced coal can then be considered as "functional" raw material, as its initial properties were changed to obtain better performance).
To summarize, the correct temperature program in ETV helps in overcoming non-spectral matrix-effects by removing the matrix prior to analysis, but it can also be used in a more elegant way by separating analyte and parent-elements of spectral interferences in time. Moreover, different groups of analyte species can be distinguished from one another, giving access to additional information with regard to the chemical form of the analyte.
Limitations and future possibilities of ETV sampling coupled to ICP-based detection techniques
As summarized in this chapter, ETV has been used for various applications from the eld of functional materials throughout the last years. One of its key features is the fact that samples can be analyzed without oen troublesome chemical digestion. Thus, sample throughput can be increased distinctly, which is essential for routine applications. But more importantly, sensitivity of analysis could be improved since undiluted samples are measured. Although, it has to be mentioned that the introduction of more sample material into the ICP can negatively affect quality of measurement. Another benet of ETV for analysis of advanced materials is the variety of available options for signal quantication. Besides the use of certied reference materials it is also possible to apply the concept of standard addition; under certain circumstances even calibration with aqueous standards is feasible.
Conventional quantitative measurements with ETV in combination with ICP-based techniques will remain a valuable tool in the context of industrial measurements (e.g. qualitycontrol), while method development in the scientic context can focus on more advanced applications such as temperaturedependent fractionation to resolve spectral interferences, or to determine analyte-speciation, as well as non-quantitative approaches for the purpose of ngerprinting in forensic applications. However, although ETV in combination with ICP-MS/ OES detection has become an established analytical technique, the use in routine laboratories is still limited. To further support the acceptance of ETV for analysis of functional materials methodical improvements are required. In particular full spectra acquisition is needed -for ICP-OES as well as for ICP-MS a prerequisite for accurate correction of background changes during an ETV cycle. Thus, besides removal of spectral interferences also the number of simultaneously measured elements could be increased. Furthermore, fully automated signal processing is desired, making evaluation of transient ETV signals easier and thus more user friendly.
Methods employing LA-ICP-MS and LA-ICP-OES in material science
Laser Ablation (LA) uses a focused laser beam to remove material from a solid sample surface. Coupled to an elemental detection technique such as ICP-MS or ICP-OES, LA can be used for chemical analysis. During irradiation of the sample surface with a pulsed laser beam, a dry sample aerosol is generated. This aerosol is transferred from the sample chamber to the ICP using an inert carrier gas. Here, the generated aerosol particles are vaporized, atomized, and ionized to be transferred into a high vacuum for subsequent detection of the ions in a mass spectrometric assembly (ICP-MS). Alternatively, element specic radiation emitted by excited analyte atoms/ions can be collected and analyzed by means of an ICP-OES, omitting the step of transition into a high vacuum. Detailed information about the used instrumentation and the ablation process can be found elsewhere. 21, 75, 76 Nowadays, LA-ICP-MS is a well-established method for the micro-local analysis of various sample types. Notable applications are found in the geosciences and the life sciences. Besides, LA-ICP-MS has also been used for the analysis of technologically relevant samples and materials. Key features of this technique are the possibility of laterally resolved analysis with achievable resolutions in the low mm-range, as well as high sensitivity offering detection limits in the ng g À1 -scale. Especially important for material analysis is the opportunity of depth prole analysis, where the achieved depth resolution depends on the used instrumentation and/or the analyzed material. The low need of sample preparation is a large benet, especially when high-purity materials need to be analyzed; the risk of sample contamination can be kept at a minimum. As in most other solid sampling techniques, one important aspect of LA-ICP-MS is signal quantication. 77 The ablation process as well as the ionization of the generated aerosol in the ICP are highly matrix-dependent. Thus, standards with a composition that is closely matched to the samples have to be used. Otherwise, reliable quantication cannot be guaranteed. If certied reference materials for the analyzed sample types are available, those can readily be used for calibration and signal quantication. For many materials, however, no certied reference materials are available. In this case, suitable standard materials have to be prepared in-house. It is generally accepted that matrix dependence of the ablation process decreases with lower laser wavelengths. The same statement is true for decreasing pulse width from the ns into the fs range. However, by decreasing pulse width and wavelength of irradiation, the price of the device will rise. Thus, a tradeoff is in most cases considered being appropriate. For example, 213 nm frequency quintupled Nd:YAG lasers are widely distributed in LA laboratories. They offer weighted ablation characteristics paired with a reasonable price. Especially when depth proling applications are of interest, 193 nm ArF* excimer lasers can be a preferable option. Such instruments offer high homogeneity of the energy distribution in the laser beam and thus lead to the formation of almost perfectly cylindrically shaped ablation craters in most materials -a prime prerequisite to avoid blurring of depth proles. Detailed discussions of the state of the art using LA-ICP-MS in materials science will be given in the following section.
LA-ICP-MS/OES for bulk analysis
Bulk analysis using LA-ICP-MS and LA-ICP-OES represents the simplest type of analysis: it requires only minimal data treatment and provides information about average concentrations of the investigated analytes in the sample. A major aspect that has to be considered is that the analyzed area needs to be representative for the bulk composition of the sample in order not to distort the obtained results. Typically, larger areas of interest are ablated (line-scan patterns or multi-spot patterns). In the eld of advanced materials, LA-ICP-MS/OES has been used for bulk analysis of two main sample types: polymer samples and steel samples.
Properties of polymers may strongly depend on the concentrations of inorganic additives in the material. Reliable quantitative analysis of such compounds is imperative for quality control, as well as for safety reasons. For example, legislation of the European Union regulates the amounts of heavy metals permitted in polymers. Liquid ICP-OES and ICP-MS are commonly used for trace metal determination in such samples. 78 However, sample preparation includes timeconsuming digestion steps and the risk of contaminations is rather high. Therefore, direct solid sampling methods are an attractive alternative. One of the most widely used methods is X-ray uorescence (XRF). However, sensitivity is oen not sufficient especially for lighter elements. Therefore, LA-ICP-MS is considered a possible alternative, which requires no or only minor sample pretreatment and offers excellent sensitivity. Because of these obvious advantages, the use of LA-ICP-MS for polymer analysis has been proposed already in the 1990s.
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The most problematic aspect in all these early works was quantication: suitable certied reference materials were not available and thus, in-house standards had to be prepared, which signicantly increased workload and therefore hampered attractiveness of the method. In later years, the use of improved ICP-MS instrumentation (e.g., collision/reaction cell technology) 81 and the manufacturing of certied reference materials has considerably broadened the application range of LA-ICP-MS for polymer analysis. Nowadays, at least some certied reference materials composed of different polymers are available, provided for example by BAM (Bundesanstalt fuer Materialforschung und-pruefung, BAM-H010, matrix: acrylonitrilebutadiene-styrene terpolymer) or IRMM (Institute for Reference Materials and Measurements, ERM-EC 680 and 681, matrix: polyethylene). Besides methodical improvements, some industrially relevant applications such as the analysis of bromine and tin, 82 as well as the analysis of waste polymers 83 have been presented in the past years. Some recently presented applications deal with distribution analysis of trace elements in polymers and will be discussed in a later part of this review.
In steel industry, the assessment of trace element concentrations is equally important as in polymer science. Besides the contents of major elements and the production process, mechanical properties of steels may also depend on the occurrence of minor and trace elements. 84 In analogy to polymer samples, commonly used methods for steel analysis are acid digestion of the samples and subsequent ICP-MS or ICP-OES measurement, whereby the already mentioned drawbacks arise. Due to the large number of available certied reference materials, quantication of major, minor, and trace elements in steel is not considered a problem, even if most of those standards are not certied for (and lack in) their microhomogeneity. Due to rather simple quantication, the number of publications presented for method developments in the eld of bulk investigations is rather low. Already in the early 1990s, LA-ICP-MS has been successfully used for steel analysis. 85 Only a couple of further reported works can be found in literature. Compared to investigations with nanosecond laser instrumentation, 86 Wiltsche and Günther performed LA-ICP-MS experiments with femtosecond lasers, coming to the conclusion that calibration even without matrix-matched standards is feasible. 87 A comparison between ns-LA-ICP-MS and fs-LA-ICP-MS for the analysis of boron in steel has been presented by Kurta et al.
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Besides the analysis of polymers and steels using LA-ICP-MS/ OES, also some applications for bulk analysis of materials used in semiconductor industry have been reported. Khvostikov et al. 89 successfully quantied trace elements in lanthanum gallium silicate by LA-ICP-MS, Lee et al. 90 investigated the composition of Cu(In,Ga)Se 2 thin lms used for the production of solar cells. Cakara et al. 91 recently presented a multi-variate calibration method for the analysis of Mo-Si-B alloys used as oxidation resistant coating.
Laser ablation in liquid (LAL) with subsequent slurry analysis
As mentioned in the previous chapter, the use of an appropriate reference material is mandatory for accurate LA-ICP-MS analysis. Availability of suitable certied reference materials -in terms of composition, but also covered elements and contentsis therefore a prerequisite for the acceptance of LA-ICP-MS as an alternative to traditional procedures for the quantitative analysis of advanced materials. Recently, a new approach has been proposed to overcome the need of CRMs. The principle of this new technique is based on the transformation of the compact solid sample into colloidal solutions of nanosized analyte particles by means of laser ablation. Subsequent analysis of the prepared slurry provides quantitative information about the composition of the initial sample. 92 This so called "laser ablation in liquid" (LAL) technique has been widely used for the industrial production of nanoparticles with controlled dimensions and the ablation mechanisms have been extensively studied. 93, 94 For analytical purposes, the material ejected from the sample surface is trapped in the liquid medium in the form of a suspension or as dissolved ions. Finally, the derived solutions are analyzed for the elements of interest using conventional ICP-OES or ICP-MS instrumentation with liquid sample introduction.
For ablation, the sample is immersed in a liquid medium and the laser beam is delivered to the sample surface. Laser instrumentation applied so far include Nd:YAG laser systems, operated at the fundamental wavelength of 1064 nm (ref. 92) but also frequency tripled (355 nm) 95 and quintupled (213 nm) 96 systems, as well as a titan-sapphire femtosecond laser system (wavelength 780 nm). 97 Typical ablation parameters for systems with pulse duration in the ns range are repetition rates of 1-20 Hz, with laser energies varying from 0.50 mJ to 100 mJ. Beam diameters ranged from tens of mm to some hundred mm resulting in laser uencies in the order of <10-480 J cm À2 . With fs-instrumentation higher repetition rates (250 and 500 Hz) with a constant uence of 20 J cm À2 have been used. In all LAL applications until now, the use of high purity water as liquid medium is reported. Properties which favor the use of water are high transmission in the wavelength-range of the applied laser systems, the low vapor pressure and the availability with required purity. Depending on the task, the depth of the water layer above the sample surface varied between 2 mm and 30 cm; increased liquid volumes result in a less concentrated solution but allow reducing the risk of material losses due to nanoparticle ejection caused by the shockwave induced by laser ablation. Aer the ablation process, the sample is separated from the liquid and rinsed with water to remove nanoparticles remaining on the surface. For chemical analysis, sample solution and rinse solution are combined, and measured using standard procedures. Due to the small particle sizes (depending on the applied laser parameters, but usually below 100 nm) the particle suspensions reveal no differences to conventional liquid samples during ICP-OES or ICP-MS measurement, thus analyte concentrations in the investigated sample solutions can be assessed using traditional calibration functions determined with aqueous standards. Based on the derived results, analyte contents or the composition of the original solid can be determined, either by using a sample inherent internal standard, or by measuring the volume of the ablated material. The rst application of LAL has been reported for the analysis of the composition of zinc-aluminum-copper alloys. Derived results were found to be in good agreement with reference values, indicating the applicability of this new method for analysis of major and minor alloy constituents. 92 Since such alloys are easy to dissolve, the advantages of LAL compared to standard approaches are fast sample pretreatment and especially the practically non-destructive analysis -which is attractive for the analysis of valuable samples. A more challenging task is the analysis of the Al/Na ratio in cryolite (Na 3 AlF 6 ), a material used for the reduction of alumina (Al 2 O 3 ) to metallic aluminum by the Hall-Herault process. Conventional AAS or ICP-OES analysis requires dissolution of the test specimen prior to analysis. Due to the refractive nature of cryolite, this sample pretreatment step is rather time-consuming and demands expensive equipment. By combining liquid phase laser ablation with ICP-OES and total reection X-ray uorescence analysis of the derived colloidal solution, an adequate determination of Al/Na ratios was possible, indicating that this technique could be used for industrial diagnostics of electrochemical cells. 95 In a recent study, the particle size-related elemental fractionation during LAL sampling of NIST SRM 610 (National Institute of Standard and Technology, Maryland, USA) was evaluated.
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Particles generated by LAL were divided into two size classes (below and above 0.4 mm diameter) by ltration, and subsequently analysed using ICP-MS. Comparison between the results obtained by slurry nebulization of LAL solutions and those obtained aer acid digestion of the same colloidal sample solutions revealed an enrichment of volatile elements (e.g., As) in the smaller particles and depletion in the larger particles. Information about the occurrence of elemental fractionation in nanoparticles smaller than 0.1 mm -as observed in other LAL studies 92,97 -is not reported. Beside measurement of the average sample composition, the LAL approach has also been used for the analysis of isotopic ratios. Okabayashi In a further application of the LAL technique, a freestanding droplet that acts as a micro-laser cavity 96 has been used to avoid immersion of the whole sample in the liquid medium. Thereby, an improvement in sensitivity could be achieved, since more concentrated solutions could be prepared. Furthermore with this approach the use of commercial LA systems with minimal or no modication is enabled. Applicability for the analysis of glass samples has been demonstrated by measurement of NIST SRM 611. For sample ablation with a 213 nm system, a droplet with a volume of 25 mL was deposited on the sample surface. Aer ring 60.000 shots with a laser energy of 0.084 mJ and a spot size of 34.3 mm, the resulting solution was collected by means of a pipette and transferred into a centrifuge tube. Concentrations derived via ICP-MS analyses using aqueous calibration were in good agreement with the certied values, measurements of the uranium/thorium ratio were very close to the expected value.
Summing up, LAL allows the analysis of materials that are insoluble or only soluble in solvents that are incompatible with the ICP. Compared to other techniques for the analysis of solid samples issues related to signal quantication are of only minor importance, since prepared particle suspensions are uniform, stable (no sedimentation problems) and behave very similar to clear solutions. Another benet is the possibility of sample accumulation through laser ablation with multiple shots and/or spots, thus sensitivity of measurement can be easily adjusted.
Depth proling: LA-ICP-MS/OES for the analysis of layered samples
Especially in the semiconductor industry and the engineering of protective coatings, layered samples are widely used. The chemical analysis of such systems is oen considered as a major challenge: the actual composition, trace impurities, or lm homogeneity and thickness might be only some aspects that need to be investigated. Compared to other typical methods applied for depth proling, such as time-of-ight-secondary ion mass spectrometry (ToF-SIMS) or other ionprobing techniques, 99 LA-ICP-MS offers weaker depth resolution. This, however, gives the opportunity to analyze depths of several mm until hundreds of mm in a reasonable amount of time, which is not possible using afore-mentioned techniques. Additionally, the use of LA-ICP-MS offers the possibility to analyze conducting as well as non-conducting samples. No vacuum is required, which is of minor importance in case of technological materials, but is advantageous for other sample types (e.g. biological materials). In contrast, GD-MS/OES offers similar characteristics to LA-ICP-MS, however, providing signicantly lower lateral resolution and having rather xed requirements regarding the sample geometry. Furthermore, sample throughput in LA-ICP-MS is considerably higher.
If the goal is to study the in-depth distribution of analytes using LA-ICP-MS, current problems are mostly related to the characteristics of the used laser beam. Even if major improvements have been made during the last decades, still some drawbacks remain. The use of UV and deep-UV lasers enhances the ablation behavior of the samples and Gaussian beam proles can be converted into at-top proles by the application of beam homogenizers, which dramatically increases depth resolution.
100 Femtosecond (fs) instrumentation also leads to improved crater proles and additionally provides lower ablation rates paired with minimal elemental fractionation compared to nanosecond lasers. Mateo et al. 13 demonstrated that even for complex layer systems (polymer coated steel samples) fs-LA-ICP-MS can offer depth proling capabilities comparable to GD-OES, but with considerably higher lateral resolution. If material from the crater walls is sampled, signalcarryover between sample layers will occur, causing blurred depth proles. Especially for the cheaper and thus more widely distributed nanosecond laser systems, depth resolution of the LA-ICP-MS measurements is impaired by conical crater proles. Nevertheless, a number of applications has presented in the last years. Gutiérrez-González et al. 101 successfully analyzed photovoltaic devices containing CdTe using LA-ICP-MS. Comparison with GD-ToF-MS and SIMS yielded good agreement between the obtained depth proles. In this work, a 193 nm ArF* at-top prole laser system was used, which seems to be very suitable for depth proling applications. Similarly equipped LA-ICP-MS systems were used by Balcaen et al. 102 for the analysis of layered high-tech materials. Bleiner et al. 103 used a similar laser system in combination with ICP-ToF-MS for the analysis of Ti-based coatings. Hrdlička et al. 104 employed LA-ICP-OES for the analysis of Zn-based coatings. Also lasers with longer wavelengths have been used: for example, Lee 110 they investigated the stability of ion-selective electrodes by LA-ICP-MS depth proling. A special application has been presented by Hattendorf et al.; in the reported work, LA-ICP-MS was used for the determination of layer thicknesses in the single-digit nmscale and below.
14 To achieve this task, standards with known layer thickness were used for signal quantication.
An alternative for depth proling omitting the use of LA instrumentation has been recently presented by Rupp et al. employing ICP-OES, 111 as well as ICP-MS detection: 112 they used a dynamic etching protocol with element specic on-line detection to study the stoichiometry of surface-near regions of complex metal oxide thin lms. This approach offers two distinct advantages compared to LA analysis; aqueous standard solutions can be used for quantication and a differentiation of species with varying solubilities can be obtained by subsequent application of different leaching agents.
Laterally resolved analysis using LA-ICP-MS
Undoubtedly, one strength of LA-ICP-MS is the possibility of performing laterally resolved analyses with resolutions until the low mm-scale. The achievable lateral resolution is mainly depending on the size of the focused laser beam and can be adjusted according to sample-specic requirements. Regarding high lateral resolutions, a couple of improvements have been made during the last years. Ultra-fast washout cells 113 and even mathematic data treatment approaches such as deconvolution 114 have led to the possibility of performing distribution analysis at the sub-mm scale. This opportunity might also be interesting in some applications for advanced materials. Even if element mapping using LA-ICP-MS is widespread in the life sciences and in geology, this method has not been completely exploited for the analysis of technological samples. Some of the already mentioned advantages would make LA-ICP-MS perfectly suitable for many applications. The possibility of fast elemental mapping of polymers has for example been described by Dobney et al. 115 This group proposed an LA-ICP-MS method as an alternative for the rather time-consuming elemental mapping using solid sampling-Zeeman atomic absorption spectrometry (SS-ZAAS), cutting a total analysis time of 5-6 hours down to 15-20 minutes. Additionally, it needs to be considered that SS-ZAAS is a single-element technique, whereas by LA-ICP-MS multiple elements can be analyzed within one cycle of analysis. In the eld of semiconductor industry, Stika et al. 116 used LA-ICP-MS in combination with ToF-SIMS for the analysis of photovoltaic modules and a study of their degradation. Zoriy et al. 117 mapped elemental distributions on microelectronic devices using LA-ICP-MS. The imaging capabilities of LA-ICP-MS have been also used for metal analysis. Latkoczy et al. 118 investigated element distributions in Mg alloys and compared the results to EPMA analysis with the conclusion that LA-ICP-MS analysis is superior in the assessment of trace elements. Hu et al. 119 investigated the distributions of trace elements in Ni alloys and found segregation of certain elements within the grain structure. Gierl-Mayer et al. 120 presented a study on the distribution of boron in powder metallurgically produced steel samples by LA-ICP-MS which showed to be accumulated on the grain boundaries. Besides lateral distribution analysis, they also quantitatively investigated the depth prole of boron caused by the sintering process, indicating depletion of boron in the outermost sample layers. A medically related study of materials has been recently presented by Draxler et al.;
121 they investigated the distribution of Mg in bones aer implantation of prostheses made from Mg-alloys.
Limitations and future possibilities of LA sampling coupled to ICP-based detection techniques
As demonstrated in this chapter, the applications for LA-ICP-MS in the eld of material science are various; in Table 3 the literature discussed within this article is summarized. However, compared to other elds of science utilizing LA-ICP-MS, still not all possibilities have been exploited in material science. For instance, in the eld of biosciences, LA-ICP-MS mapping is very oen used for trace element mapping in different tissue types and has become a popular technique during the last years. As a sensitive and rapid method, it would also be very suitable for mapping of trace elements in technological samples, such as metals or ceramics. When investigating such samples, not only the bulk composition might be important; for example the grain structure could be correlated with measured elemental distributions that are not accessible by typically applied methods like EPMA, due to their concentration and/or atomic weight (e.g., boron, as demonstrated for bulk analysis by Kurta et al. 88 ). Recent advances and developments in laser technology also helped to improve the versatility of the method. Deep-UV-ns or fs instrumentation offers outstanding properties regarding the achievable beam proles and also simplify quantication even without the use of matrix-matched standards. Additionally, due to almost no restrictions on sample size and physical properties (e.g., conductivity), the method is very versatile and not restricted to the analysis of one sample type. Thus, metallic samples could be analyzed alongside with polymers and ceramics in one instrument without changing the instrumental setup or the sample preparation strategy. Even the analysis of special samples where different material properties are combined, as demonstrated by Mateo et al. for the analysis of polymer-coated steel samples, 13 becomes feasible. Summing up, LA-ICP-MS has promising perspectives for its use in the analysis of technological samples. Many research topics in this eld or even quality control in industry could benet from the advantages of LA-ICP-MS while keeping up the ease of use and the maintenance costs of the instrumentation compared to other analysis techniques.
Conclusion & outlook
The use of spectrochemical techniques such as AAS, ICP-OES or ICP-MS is common in the characterization of technologically relevant materials. When compared to conventional dissolution of the solid material with subsequent analysis of the derived solution, the application of solid sampling techniques offers several advantages. The prevention of time consuming and elaborate sample pre-treatment, improvements in sensitivity of analysis and the reduction of consumed sample material are just a few examples. However, from the analytical point of view, the most important benets are access to "insoluble samples" and the ability to perform micro-local analysis. The applicability of electro-thermal-vaporization is restricted to powdered or small compact samples. Therefore, the focus of this method is measurement of average sample concentrations. The high sensitivity and versatility which can be achieved with this technique makes it uniquely suited for the multi-element analysis of ceramics or high purity materials. Being able to analyze powders directly (without the need to compress powder into solid pellets, as required for LA analysis) is an advantage of ETV, especially in the emerging eld of nano-particle analysis (i.e., for monitoring of contaminants). Laser ablation in liquid combines the strengths of solid sampling and liquid analysis. With this approach the composition of compact samples can be analyzed easily, utilizing external calibration with aqueous standards for signal calibration. Nevertheless, conventional LA with ICP-MS or ICP-OES detection is the most promising technique for the measurement of solid samples. Since sample homogeneity is an important issue for many materials, the possibility of micro-local analysis with resolutions in the low mm range with detection limits in the order of mg g À1 is very
attractive. Furthermore, LA-ICP-MS also allows gathering information about the distribution of the analytes within the sample, applications reported in the eld of material characterization include elemental mapping as well as depth prole analysis. Limitations in the availability of reference materials with a multitude of certied trace elements makes quantica-tion complicated, however, compared to well established techniques such as GD-MS or SIMS the accuracy that can be achieved without the use of matrix-matched standards is better. Despite the benets of the techniques reported in this work, there are some specic topics that still need further investigation in order to extend their elds of application. Since electro thermal vaporization in combination with ICP-OES or ICP-MS detection for element specic analysis is a well-established technique, no groundbreaking new developments can be expected, but there is still room for task specic improvements (e.g. new modiers). However, the possibility to separate sample constituents in accordance to their thermal behavior offers applications which are not accessible with other solid sampling techniques. For example, tackling of non-spectral interferences (plasma-load) as well as spectral interferences arising from the sample matrix is enabled. The thermal separation of different species from the same element opens also new perspectives in the characterization of functional materials. In contrast, laser ablation offers instrumental as well as methodical developments. Ongoing improvements in laser technology combined with more sensitive detection devices will expand the capabilities of LA in the eld of micro-local analysis, elemental mapping and depth proling. High lateral resolutions in the low mm scale can be applied for example for investigations of grains structures in steels and ceramics. Analysis of thin lms, coatings or multi-layer systems is another eld of application. Elaborate laser systems might be able to challenge the depth resolutions typically achieved by GDMS or SIMS. With the use of improved concepts for sample preparation and advanced data treatment procedures it should be possible to overcome current limitations in signal quantication, thereby improvements in accuracy and precision of analysis could be achieved.
